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1. INTRODUCTION 
There is growing interest in stabilized zirconia 
(zirconium dioxide, ZrOg) in both scientific and technical 
fields. It is used as a solid electrolyte to determine 
thermodynamic quantities from oxide potential measurements, 
and it is used in the investigation of kinetic phenomena, 
such as the mobility of oxygen in metals or chemical diffu­
sion in metal oxides. In practical applications, an yttria-
stabilized zirconial-solid electrolyte can serve in a device 
to measure and adjust the oxygen content in gases, as an 
oxygen monitor during reduction of ores, and as a membrane 
in high temperature fuel cells [1]. YSZ is also used for 
artistic purposes as artificial diamond. 
1.1. Structural Considerations in Zr02-Y2^3 System 
Pure zirconia is polymorphic with the following trans­
formations [2] : 
monoclinic tetragonal cubic liquid. 
Both monoclinic and tetragonal forms are slightly distorted 
forms of the fluorite structure (Fig. 1). The monoclinic 
structure of ZrOg is characterized by the spatial arrange-
^In this thesis, yttria-stabilized zirconia will be 
written YSZ. 
Zr 
or : (0,0,0).(1/2, I/2,0),(1/2,0,I/2), and (0,1/2,1/2) 
O 0: (1/4,1/4,1/4), (3/4, 3/4,1/4),(3/4,I/4.3/4),(I/4,3/4,3/4), 
(3/4,3/4,3/4),(5/4,5/4,3/4),(5/4,3/4,5/4),and. 
(3/4,5/4,5/4) 
Figure 1. Ideal fluorite structure in YSZ 
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went of ZrUg coordination polyhedra [3J. The coordination 
polyhedron has been visualized as being derived from a cube. 
Four of the oxygen atoms are at each corner of the base of a 
cube in a planar array and one at one of the upper corners. 
The remaining two oxygens are at the midpoints of the cube 
edges connecting the unoccupied corners. The resulting 
polyhedron very closely resembles the basic MO g coordination 
group used in describing the fluorite structure (Fig. 2). 
Subbarao [2] indicated that zirconia can be stabilized 
in the fluorite-type cubic phase when it is alloyed with an 
appropriate amount of di- or trivalent oxides of cubic sys­
tem, such as CaO, MgO, R2O3 (R=rare earth), YgOg, or Sc^Og 
with overall composition MUg.x, where 0<x mol%i<40. These 
oxides exhibit a relatively high solubility in ZrOg and are 
able to form fluorite-type phases which are stable over a 
wide range of composition and temperature. Yttria (YgOg) is 
believed to be an excellent stabilizing additive for zir­
conia because of its high melting temperature (2435°C) and 
chemical inertness which make it of special interest for use 
at elevated temperatures [4]. Chistyi et al. [5] reported 
that crystals of yttria-stabilized zirconia possess high 
index of refraction, hardness, strength, and stability 
against oxidation at high temperatures (2500®C). 
^In this thesis, mol% will be written m/o. 
Figure 2. Oxygen coordination polyhedra; (a) idealized MO^ 
group characteristic of ZrOg and (b) basic 
f luorite MO g group 
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Yttria possesses the cubic rare earth C-type structure [4]. 
This structure is most conveniently thought of as a modi­
fied fluorite structure where Y3+ occupies the center ot a 
distorted cube. Fig. 3 shows the ideal spatial relations 
for two such cubes within the unit cell. In this struc­
ture, only 6 cube corners are occupied by oxygen ions. The 
unoccupied cube corners are on a face diagonal in one cube 
and on a body diagonal in the edge-adjacent cube. The 
fluorite (CaFg) structure of YSZ is fee, with space group 
Fm3m [4] (Fig. 1). 
Wagner [6] established that stabilized zirconia con­
tains oxygen ion vacancies. In YSZ, the oxygen vacancies 
are generated upon the substitution of Y^^ for Zr4+ cations 
according to the reaction 
Y2O3 + 2Yl^ + 30* + Vg (1) 
Subbarao [2J indicated that Coulomb attraction between the 
two oppositely charged species (Y^^ and Vg), together with 
the large concentration of oxygen vacancies, would inter­
fere with a random distribution of Y3+ ions over cation 
sites and vacancies over anion sites. Such materials are 
said to possess the 'defect* or 'disordered' fluorite 
structure. Hund [7] described the order-disorder reactions 
in YSZ by a complete cationic sublattice with anion vacan­
cies. In the present study, the measurement of lattice 
6 
•» Mk W MM pw 
Oo 
Figure 3. The C-type rare earth oxide structure and the 
six-fold coordination in YgO^ 
7 
constants and calculations of densities for YSZ crystals 
corroborate Hund's results. Morinaga et al. [8, 9], with x-
ray diffraction on a crystal containing ~ 12 m/o YgOg, found 
both the anions and cations were displaced slightly from the 
ideal positions; the oxygen ions were displaced along <100> 
directions and cations were displaced to a lesser degree 
along <111> directions. The lattice energy is minimized by 
anion lattice relaxation around the oxygen vacancies. 
Intermediate between the fluorite (MOgHM^Ug) structure 
and the C-type structure lies the pyrochlore 
(M14U7) structure L10]. The pyrochlore structure may also be 
thought of as a distorted fluorite with one-eighth of the 
anions missing. It differs from the fluorite structure by 
having the Y and Zr cations occupying alternating fluorite 
cation positions with an ordered arrangement of the vacant 
anion sites resulting in two kinds of coordination groups, 
AOq and BOG. 
1.2. Phase Relationships in ZrOg-YgO^ System 
Several investigations have been made of the phase 
relationships in the zirconia-yttria system [11-17]. How­
ever, the definition of the phase fields, particularly at 
low temperatures, is uncertain, and indeed, even the number 
and character of the phases are questionable. Represen-
8 
tative examples of phase diagrams which have been proposed 
are shown in Fig. 4 [11] and Fig. 5 [12], and differences 
are obvious. 
The following comments pertain to aspects of the 
phase diagram which are relevant to observations in the 
present work. First, there are disparities in defining 
the limits of the YSZ phase field. The width of the phase 
field at room temperature extends from 7 [13], y.9 [11], 
or 10 m/o YgOg [12] to -14.5 [12], -49.5 [11], or 55 m/o 
YgOg [13]. At higher temperatures, the fluorite phase 
field broadens and it seems reasonably established that on 
the ZrO^-rich side the YSZ phase field extends to pure 
ZrOg above ~2380°C [11, 12, 14]. On the yttria-rich 
limit, however, there is a considerable amount of uncer­
tainty. Stubican et al. [14] found a eutectoidal decom­
position below 400°C of a single tluorite phase of YSZ 
into monoclinic ZrOg and rhombohedral Zr^Y^U^g with essen­
tially no terminal solid solubility between either of the 
two phases. According to this result, the fluorite phase 
should not be an equilibrium phase at room temperature. 
Fu-kang et al. [15] reported yet different results in 
the vicinity of room temperature and indicated the exis­
tence of a two-phase field between a monoclinic terminal 
solution and a cubic pyrochlore (ZrgYgU?) at 33.33 m/o 
9 
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YgOg. His published diagram must be considered schematic 
since it contains violations of the phase rule. Ri-kang et 
al. [15] reported the intermediate compound ZrgYgO^ 
remaining stable to temperatures as high as 2500°C. The 
existence of the pyrochlore structure has not been corrobo­
rated [14, 16], rather, most investigations [12, 14, 16, 17] 
have found the first intermediate phase to be Zr^Y^U^g with 
a rhombohedral symmetry at 40 m/o YgO^. This ordered phase 
is stable between room temperature and 1375°C. 
Kinetic factors inhibit equilibrium at low tempera­
ture, which seems responsible for the discrepancies found 
among different reports. As an example, Scott [11] found 
that samples containing more than 8.1 m/o YgO^ were single 
phase with fluorite structure at room temperature, but 
heating above ~80°C caused the appearance of a second 
phase. Samples with less yttria were two phases; one 
phase was monoclinic while the other was either fluorite or 
tetragonal, depending on the equilibration temperature. 
Peculiar behavior at a composition of 8.1 m/o YgOg has also 
been found in the present investigation. More details will 
be included in the discussion of the unusual elastic 
behavior of the d.l m/o YgO^ crystal. 
12 
1.3. Elasticity and Wave Propagations in Crystals 
- The ultrasonic wave velocities in a material can be 
related to the elastic constants through a combination of 
Hooke's law and Newton's second law. A treatment of the 
elasticity theory and of the relationships of ultrasonic 
wave velocities to elastic constants can be found in a 
number of books, e.g., Kittel LIbJ. In cubic crystals 
there are three independent elastic constants, namely 
Cj2 Propagation of waves in the [IIU] direction 
maximizes the resolution of the constants. Each ultrasonic 
wave velocity is related to an elastic constant through the 
relation 
pV2 = C.j , (2) 
where p is the crystal density, and C^j is an appro­
priate combination of the elastic constants to be asso­
ciated with the specific polarization and direction of the 
ultrasonic wave velocity, V. A summary of the elastic 
constants associated with different wave modes in cubic 
crystals is given in Table 1 . 
The elastic constants determined by ultrasonic methods 
are adiabatic because there is no time for heat exchange 
with the surroundings. 
Tabl 
Mode 
1 
2 
3 
4 
5 
6 
7 
8 
1. Summary of wave mode-elastic constant relations in cubic crystals 
Propagation Polarization Velocity Elastic 
Type direction direction nomenclature Constant 
Longitudinal 
Shear 
Shear 
Longitudinal 
Longitudinal 
Shear 
Shear 
Longitudinal 
[IIOJ 
[ 110 ]  
1110 ]  
[001J  
[1 Ï0 ]  
[110 ]  
[110 ]  
[ 1 1 1 ]  
[ 1 1 0 ]  
[110 ]  
[001 ]  
[001 ]  
[110 ]  
[ 1 1 U ]  
[001 ]  
[ 1 1 1 ]  
V 
L [ 1 1 0 ]  
^T1 [1 10] 
J 
T 2 [ 0 0 1 J  
Y[001]  
Y[1 Î0 ]  
^ T [ 1 1 0 ]  
^T[001 ] 
V 
V 
(Cii+CI2+2C^^)/2=CL 
(Ch-CI2)/2=C' 
C. 
' 44  
1 1  
(Cii+Ci2+2C44)/2 
(Cii-Ci2)/2 
c ,  
' 44  
L [ 1 1 1 ]  (Cii+2CJ2+4C^^)/3 
w 
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1.4. Single Crystal Elastic Constants of YSZ 
Data for elastic constants for single crystals of YSZ, 
were available only at room temperature [5, 19-21] and 
below [22, 23]. Because of the high Debye temperature of 
this material, the elastic constants below room temperature 
are essentially temperature independent. The major uses of 
YSZ are at temperatures well above room temperature. On 
this basis, the present investigation was undertaken in 
order to provide elasticity data for the higher temperature 
region. The lack of agreement among the previous measure­
ments was another reason for the present study. 
15 
1, EXPERIMENTAL PROCEDURES 
2.1. Sample Preparation and Characterization 
Single crystals of YSZ of five different compositions 
were obtained tor the present investigation. One crystal 
was made available by Singh Industries, Inc. of Randolph, 
N.J., and the method of its preparation is not known to the 
author. The other four crystals were purchased from Ceres 
Corp. of Waltham, Massachusetts. The latter four crystals 
were grown from the melt by the technique of RF melting in a 
cold container [24]. In this technique, high-purity grades 
of ZrOa and Y^0g are thoroughly mixed and put in a cylindri­
cal container with metallic zirconium at the bottom of the 
container to act as heat inductor. The RF generator is 
turned on and when the melt reaches the surface, after about 
5-10 min, additional portions of the oxides powder are 
gradually poured into it. The process of melting progresses 
gradually, the molten zone increases, and simultaneously 
intensive oxidation of the metal occurs which takes 10-15 
min to be complete. The system is kept at constant power 
for 20-30 min to achieve equilibrium. Then, the container 
is slowly lowered at a rate of 10-30 mm/hr. 
Preliminary orientation of the crystals was done with 
x-ray diffraction, and five specimens were cut from the 'as 
16 
grown' crystals with a diamond saw. Refinement of the 
crystallographic orientation of these five specimens was 
done with a back-reflc-ction Laue technique [25]. Interme­
diate hand lapping on 600 grit abrasive paper brought the 
normals to the crystal faces within ±1° of the desired 
directions. All crystals were rectangular prisms with edge 
dimensions varying from 0.6-1.5 cm. Each of the crystals 
had two faces normal to the [001] direction, two normal to 
the [110] direction, and the last two normal to [1Î0]. Each 
of the opposite faces were made parallel within ±0.0003 cm. 
The dimensions of the crystals and the analytical composi­
tion are given in Table 2. Both zirconium and yttrium con­
tents of the specimen crystals were determined utilizing a 
titrametric method [26]. The precision of the analyses is 
within ±0.04 m/o. 
All crystals were checked for the presence of any 
second phase using a Picker 0-0 powder diffractometer with 
the internal standard (LiF) method at room temperature. 
Each diffraction pattern was fully identified as a single 
phase pattern belonging to the fee fluorite structure. 
Lattice parameter measurements were carried out at room 
temperature on small segments of -0.1 mm in size taken from 
17 
Table 2. Compositions and dimensions of YSZ crystals 
Crystal 
Composition 
( ±.04 m/o) 
Y2O3 Z.r02 
( 
[110] 
Thickness 
+.0003 cm) 
L1Î0] [001] 
1 8.13 91.87 0.7297 0.9487 1 .0269 
2 11 .09 88.91 1.3884 1.5088 1.4173 
3 12.08 87,92 1.1707 0.9533 1.1412 
4 15.52 84.48 0.9235 1.2713 1.2065 
5 17.88 82.12 0.8115 0.6772 0.5720 
Id 
the crystals during the orientation process. Using the Ames 
Laboratory-built-4-circle diffractometer and an automated 
indexing routine on a FDP-15 computer, nine high-angle 
reflections were used in evaluating lattice constants within 
±0.006 A. The measured lattice constant was used, together 
with bulk density, to emphasize the mechanism of solid solu­
tion in the crystals. The bulk density was determined at 
room temperature by Archimedes principle within ±0.013 g/cc 
according to the ASTM Standard C-135-66. Table 3 gives the 
measured and calculated densities and the measured lattice 
constants of the crystals. 
2.2. Ultrasonic Measurements 
The pulse-echo-overlap technique [27-29] was used to 
measure both longitudinal and shear wave velocities. The 
longitudinal and shear waves were generated, respectively, 
by x-cut and y-cut single-crystal quartz transducers reso­
nant at 10 MHz. A schematic diagram of the ultrasonic 
pulse-echo-overlap apparatus is shown in Fig. 6. 
Velocities were measured by measuring the transit times 
between echoes from unrectified pulses traveling through 
crystals of known dimensions. The measurement of travel 
time, t, between two echoes is accomplished by setting the 
period 1/f of an electrical oscillator (oscillator 
19 
Table 3. Lattice constants and densities of YSZ crystals 
Lattice Theoretical Bulk 
Crystal YgO, Parameter density density 
(m/o) ±0.006 (A) (g/cc) ±0.013 (g/cc) 
1 8.1 5.132 6.014 6.011 
2 11.1 5.145 5.953 5.945 
3 12.1 5.146 5.944 5.932 
4 15.5 5.153 5.904 5.868 
5 17.9 5.162 5.861 5.829 
—I 
^SAMP^yE 
FURNACE 
BUFFER 
ROD AXIS 
J 
TRANCDUCER TRIGGER INPUT LIMITER 
COUNTER 
PULSED 
OSCILLATOR 
FREQUENCY 
DIVIDER 
REPETITION-RATE 
OSCILLATOR 
TIME-DELAY 
PULSE 
GENERATOR 
re 
o 
OSCILLOSCOPE 
Figure 6. Block diagram of the ultrasonic pulse-echo-overlap apparatus 
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controlling an oscilloscope sweep) equal to the travel time, 
t, so 
t = 1/t and f = 1/t (3) 
This adjustment causes successive echoes to be positioned 
one on top of the other on the oscilloscope. Overlapping 
can be adjusted by eye to ~±0.1 wavelength. The precision 
of measurement of an individual ultrasonic wave velocity is 
~0.1%, which reflects a precision of -0.2% into the elastic 
constant associated with this velocity. 
In the present investigation, measurements above room 
temperature made necessary the employment of a low-attentua-
tion fused silica buffer rod [30, 31] because quartz trans­
ducers lose their piezoelectricity at ~200-250°C. Fused 
silica rods of 14 cm in length and 2.4 cm in diameter were 
used with their ends made parallel within ±0.001 cm by a 
surface grinding technique. Two modifications were added to 
the buffer rod to eliminate the small parasitic echoes 
appearing in the main echo train due to mode conversion at 
the rod boundaries. Beveling one end of the buffer rod [32] 
supporting the specimen crystal and sanding the surface of 
the rod with a coarse abrasive paper provided relatively 
clean undistorted echo patterns for both longitudinal and 
shear modes. The buffer rod was kept in a vertical position 
with its higher end sealed to the specimen crystal with 
22 
AgCl, and the crystal was positioned in the uniform tempera­
ture zone of a resistance furnace. The other end of the rod 
was silvered and bonded to a quartz transducer and jacketed 
in a water-cooled coaxial holder. Longitudinal wave trans­
ducers were bonded with Wonaq stopcock grease and shear wave 
transducers with Salol (phenyl salicytate). Temperatures 
were measured within ±2°C with a Pt/Pt±13% Rh thermocouple 
spot welded to a platinum jacket enclosing the specimen 
crystal. Velocity measurements were carried out while 
heating and cooling the system. A schematic representation 
of the arrangement is shown in Fig. 7. With this arrange­
ment ultrasonic wave velocities could be measured for a 
shear wave between room temperature and the melting point of 
the AgCl seal at ~455°C and for a longitudinal wave up to 
the furnace limit of 700°C. The fusion process of the AgCl 
bond affected the measurements by changing the slope of the 
velocity-temperature curves around 455°C. This effect was 
corrected by using another bond material. A eutectic salt 
of 53.5 la/o AgCl-46.5 m/o Agi, which melts at ~264°C, was 
used [33]. 
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Figure 7. Experimental arrangement of ultrasonic wave 
velocity measurements above room temperature 
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3. RESULTS AND DISCUSSION 
The elastic constants of YSZ crystals were calcu­
lated from ultrasonic velocities and bulk density. Room 
temperature values of constants Cand in the 
present study are compared with previous data by other 
investigations 15, 19, 21-23] in Table 4. Agreement in most 
cases may be noted to be within 5%; exceptions are C of 
the 12 m/o YgO^ crystal L22] and those numbers which are 
listed in parentheses [5]. The disparity in the latter 
values results from the fact that crystal orientations 
deviated from normal mode directions by amounts of up to 5°. 
Differences in density and composition also contribute to 
the differences in values. 
The compositional variations of the room temperature 
elastic constants from this investigation are shown in Fig. 
9, where increasing concentration decreases C ^ ^  while 
Cj2 C increase. The compositional dependencies of C ^ ^  
and at room temperature agree with the results of 
Chistyi et al. [5] and Aleksandrov et al. [20] , but the 
compositional dependence of 0^2 varies from one investiga­
tion to another. In the present work, C increases with 
YgOg content, Chistyi found C to be composition independ­
ent, and Aleksandrov found a minimum value of C at ~14 m/o 
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Table 4. Comparison of room temperature elastic constants 
for YSZ crystals with literature data 
YgOg Bulk Elastic Constant (GPa) 
(m/o) Density C ^ ^ C C^^ References 
(g/cc) 
8 5.99 394 91 56 23 
8 6.01 410 90 53 5* 
415 119 57 5b 
8.1 6.011 405 95 56 This work' 
10 5.95 382 108 60 19^ 
10 5.95 (395) (117) (61) 5d 
10.3 5.91 403 83 58 21 
11.1 5.945 403 102 60 This work 
12 5.894 449 ' 55 62 22 
12 5.89 403 100 57 5a 
385 108 59 5b 
(391) (71) (60) 5d 
12.1 5.932 405 105 62 This work 
15.5 5.868 398 109 66 This work 
16.5 5.81 390 96 61 5a 
379 106 67 5b 
(380) (74) (62) 5d 
17.9 5.829 390 111 69 This work 
20 5.76 (372) (117) (68) 5d 
^Measurements of Brillouin scattering of light. 
bUltrasonic measurements. 
CThe temperature dependencies of the elastic constants 
of the 8.1 m/o Y2©3 crystal were not reproducible, although 
the room temperature constants were reproducible. 
^Measurements on crystals with orientation uncertain­
ties up to ±5° are shown in parentheses. 
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Figure b. Compositional dependencies of C^^, C^g 
for YSZ crystals at room temperature. The solid 
symbols are used to differentiate the 8.1 m/o 
Y2O3 crystal from the others because the temper­
ature dependencies of the elastic constants for -
this crystal were not reproducible, although the 
room temperature constants were reproducible 
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YgOg* should be emphasized that an off-diagonal 
element and is experimentally determined with poorer preci­
sion than either or 
To understand the compositional dependencies of 
Cj2» and C44, it is appropriate to consider the atomic 
interactions which control the elastic constants. Cochran 
[34J has considered the problem and has discussed various 
models for calculating the elastic constants of ionic and 
covalent crystals. Axe [35] and Srinivasan [36, 37] have 
looked explicitly at the fluorite structure and have derived 
expressions for the elastic constants assuming a shell 
model. Srinivasan's expressions are somewhat more general. 
In his representation, elastic constants are related to the 
microscopic forces between crystal ions. The general forms 
are : 
Cll = [-0.7628 ZgZa + (A,+2Bj) + ^  Aj (4) 
a ^ 
o 
Ci2 = (^) [1.3511 + jy (Aj-4B^) - %%] (5) 
a ^ 
o 
= [—^] [0.3814 + T2 (*1+2*1) + 5 %% + l] (6) 
O 
where e is the unit charge and ao is the lattice parameter. 
In each constant, the first term comes from Coulomb forces, 
where Z^ and Zg, represent the ionic charges on 
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the cations and anions. A and B represent, respectively, 
the radial and tangential components of the short-range 
repulsive force interactions. The subscripts 1 and 2 denote 
first and second nearest neighbor interactions. The final 
term in I, is of lesser magnitude and involves all the 
previous contributions plus explicit shell-model parameters. 
The most important contributions are the Coulomb forces 
and the short-range repulsive overlap forces of the first 
nearest neighbors. In the YSZ crystals, the Coulombic terra, 
in contrast with the repulsive one, was found to be rela­
tively stronger compositional function through changing 
and Z^. A simple, although adequate, explanation of the 
repulsive contribution and its compositional dependence may 
be understood from the expression presented by Fuchs [38] of 
the Born-Mayer repulsive potential W(R) between two ions 
W(R) = cb exp [(r ^H-rg-a^)/g ] (7) 
where c represents, according to Pauling [39], the depend­
ence of the repulsive potential on the charge and the 
species of the ions, b and g are constants for a given 
crystal structure, r ^ and r g are the ionic radii, and ao 
is the lattice parameter. In the YSZ crystals, since ao 
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is a weak function of composition and the ionic radii of 
and Zr are comparable, the repulsive potential and its 
derivatives with respect to a© would not be a strong func­
tion of decomposition. 
In contrast to the weak compositional dependence of the 
Born-Mayer repulsive potential, the Coulomb energy and the 
Coulombic forces are appreciably composition dependent 
through the differing ionic charges of +4 for Zr and +3 for 
Y. References to Equations 4, 5 and b show that it the 
cationic charge is taken as weighted value of Zc=x(+3) + 
(1-x)(+4), with X being the fraction of cation sites 
occupied by yttrium and the corresponding anionic charge is 
taken as Za=-Zc/2, then the constant and 
are all composition dependent primarily through the composi­
tional dependence of the Coulomb contribution." Further, the 
signs of Zq and Z^ are opposite so the product Z^Z^ is 
negative and therefore, the compositional dependence of C ^ ^  
is negative and of Cand C.^^^ is positive. The room tem­
perature values of the elastic constants of YSZ crystals are 
essentially the absolute zero temperature values since these 
constants are almost temperature independent below room 
temperature. 
Debye temperature is an important parameter of a solid 
which can be evaluated from single crystal elastic 
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constants. It represents an average effect of vibrating 
masses and spring force constants defining elastic constants 
in the crystal lattice. Debye temperatures of the crystals 
were calculated at room temperature with the tables of 
Overton and Schuch [40] which list values of the function 
G(S, T) for the relation 
8% = (3.3053x10- 11) (N)1/3(£^)1/2 G(S, T) (8) 
where N is the number of atoms per unit formula (equals 3 in 
the present case), V is the volume per formula weight 
(aV4), and G(S, T) is a function of the elastic constants 
with S and T being determined from the relationships 
S = and T = (9) 
The results of the calculations are given in Table 5. Fig. 
9 shows a linear relationship between Debye temperatures of 
the crystals at room temperature and the square root of the 
inverse masses per unit formula Zr^.* O2-X/2' with 
X being the fraction of cation sites occupied by yttrium. 
The linear relationship shown in Fig. 9 may be understood 
from considerations of lattice dynamics. At sufficiently 
low temperatures, Debye temperature is proportional to a 
characteristic cut-off frequency arising solely from acous­
tic vibrations [41]. In a harmonic approximation and with 
neglect of any change in force constants, this 
Table 5. Debye temperatures of YSZ crystals at room temperature 
Crystal 
(Y/Zr) 
atom (Y0,%) m 
(N/V) 
( 10 2 2cm- 3) 
S T G(S , T )  eoCK) 
1 0.18 0.15 121.7 8.880 2.32 2.70 1.215 545.4 
2 0.25 0.20 121.2 8.811 2.12 2.71 1.294 557.4 
3 0.27 0.22 121.0 8.806 2.05 2.70 1.186 562.9 
4 0.37 0.27 120.4 8.771 1 .90 2.65 1.166 573.3 
5 0.43 0.30 120.1 8.725 1.79 2.60 1.149 579.9 
580 -
540 
(Y/Zr) ATOM RATIO 
0.2 0.3 0.4 
Single crystals of YSZ 
9.05 9.10 
1/2 -o (l/MASS PER UNIT FORMULA) (10^) 
9.15 
W N5 
Figure 9. Variation of Debye temperatures of YSZ crystals with the square root of 
the inverse mass per formula at room temperature 
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characteristic frequency should be inversely proportional to 
the square root of the vibrating masses. The present 
results for Debye temperatures of the YSZ crystals parallel 
the resits of Schannette and Smith [42] on single crystals 
of ZrCOg and HfCo2. 
Above room temperature, the elastic constants of the 
crystals show a regular decrease in magnitude with 
increasing temperature due to the combined effects of ther­
mal expansion and anharmonicity. A lack of reproducibility 
was observed in the 8.1 m/o YgOg crystal in the sense that 
successive thermal excursions followed different paths. 
This behavior is illustrated in Fig. 10 where the longitu­
dinal wave velocity V is plotted versus tempera-
L[ n O ]  ^  
ture and where the following points may be noted. First, 
the paths are not reproducible from run to run", although 
below ~300°C the behavior appears to be normal and the room 
temperature value is reproducible. Second, in the early 
runs, a and b, the heating and cooling behaviors follow the 
same paths in each run, but differ between ruiiS. But, this 
is not true in runs c, d, and e, where the heating and 
cooling paths differ with difference increasing with 
increasing number of the run. The overall behavior is 
anomalous in the sense that if there is some degree of phase 
transformation it would not be expected that the room tem­
perature value would be reproducible. In contrast, the 
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Figure 1U. Temperature dependence of the longitudinal wave 
velocity V ^ , for the 8.1 m/o ï,0, crystal, 
L[110] 2 3 
measured at different times; (1) initial 
measurement, (b) after 5 days, (c) after 2 
weeks, (d) after 5 weeks, and (e) after 10 weeks 
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shear wave velocities V _ and V show a 
T^[n0] TglOOl] 
regular decrease with increasing temperature in the range of 
measurements as shown, respectively in Figs. 11 and 12. 
However, the degree of reproducibility of each measurement 
varies with temperature. Surprisingly, the room temperature 
values of the constants C are reproducible 
within up to 0.5%. 
At present, the behavior of the 8.1 m/o alloy is 
not understood and remains for future research to explain. 
In contrast to the behavior of the 8.1 m/o YgOg 
crystal, the pure mode elastic constants of the other 
crystals show a regular decrease with increasing tempera­
ture. The constant C also softens with increasing temper­
ature. These behaviors are reproducible in the temperature 
range of measurements. The temperature dependences of C ^ 
Ci2, C', and Cl of different YSZ crystals are shown, 
respectively, in Figs. 13, 14, 15, 16, and 17. 
AgCl melts at 455°C, therefore, shear measurements 
could not be obtained at higher temperatures where AgCl was 
used as a bonding material, whereas longitudinal measure­
ments could be made to 700°C (furnace limit). In order to 
get some feeling of the temperature dependence of C above 
the melting point of AgCl, the temperature dependencies of 
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Figure 11. Temperature dependence of the fast shear wave 
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Figure 12. Temperature dependence of the slow shear wave 
velocity V for the 8.1 m/o YoOa crystal. 
T2tU01J 
Runs 1 and 2 were measured 10 weeks apart 
38 
410 I I [ I I 11 11 I 11 I I > I I • I I I I I I 11 I I 
400 
o 
Û. 
o 
< 
h-
(O 
Single crystals of YSZ 
390 -*x, 
o 380 
o 
§ 370 
H 
O 
Z 
o 
360 -
°ss 
o 
A II.1 m/o YzOj 
• 12.1 II II 
O 15.5 II II 
X 17.9 II II 
X • 
Xy AO • 
X A J 
X A 
350 I I I I I I I I I I I I I I I I I I I I I ' ' • ' 
0 100 200 300 400 500 600 700 
TEMPERATURE CO 
Figure 13. Temperature dependence of for YSZ crystals 
39 
115 
no 
o 
CL 
O 
N 
O 
105 
100 -
95 
-1 1 1 1 1 1 1 1 1 1 r-
Single crystals of YSZ 
X X 
o o o o o o 
o o 
o o 
o o : X 
_ •  •  
o o X 
• • • • • 
• • 
A A A A ^
 A ^ 
A A 
A A 
A II I m/o Y2O3 
• 12.1 " " 
o 15.5 " " 
X 17.9 " •' 
I I—I I—I—I I I • I 
A 
_i I I 
100 200 300 400 
TEMPERATURE CC) 
Figure 14. Temperature dependence of CYSZ crystals 
40 
70 • I I I I I I I • I I I I I ' ' I 
. X 
65 
o 
0_ 
o 
H 
Z 
g 
^ 60 
O 
0 
UJ 
1 
(/) 
$ 55 
J 
o o 
• • 
• 
Single crystals of ^ a • 
YSZ 
^  1 1 . 1  m / o  Y g O j  ^  ^  ^  
• 12.1 " 
o 15.5 " " 
X 179 n 
o . 
50 I I t J—I—I—I— I I 
100 200 300 
TEMPERATURE (*C) 
400 
Figure 15. Temperature dependence of for YSZ crystals 
41 
160 
S. 
s 150 
c/) 
z 
o 
o 
oc 
< 
LU 
X 
en 
o 
140 
130 
1 1 1 1 1 1 1 1 
Single crystals of YS Z 
A II.1 m/o Y2O3 
• 12.1 II II 
o 15.5 II II 
X 179 II II 
-
D 
( 
O
 
O
 
O
 
O
 
O
 
O o 
o 
o -
1 
L_ 
AO 
o o _ A 
X
 
X
 
X
 
X
 
X
 
X
 
X
 
X
 
X
 
X
 
X
 
X
 
c o 
1 
I 
0 
0 
0
 
0 
0 
0 
* X V 
• 
X 
0 100 200 300 400 500 
TEMPERATURE {®C ) 
Figure 16. Temperature dependence of C' for YSZ crystals 
42 
320 
.'5 
.-A, 
A 310 - ^ 
o 
0_ 
o 
g 300 -
if) 
z 
8 
_l 
< 
z 290 
Q 
3 
h-
O 
z 
3 
.280 h 
_J 
o 
270 
Single crystals 
of YSZ 
A . "o ^ 
A O 
^ o "a 
A o g) 
A O 09 
A OB 
A O H 
A G ^ 
9 
A 
0 12.1 
A O 
A O 
A O %g 
A o a 
A O g 
m/o Y0O3 A o g 
" •• 
X 15.5 " 
o 17.9 
II 
11 II 
A O 
A O 
A 
A 
A 
A 
• I • • • • I • • • ' I • • • ' I ' ' ' ' * ' ' ' • I ' ' • * ^ 
0 100 200 300 400 500 600 700 
TEMPERATURE rC) 
Figure 17. Temperature dependence ot Cl for YSZ crystals 
43 
two longitudinal constants Cj^ and were considered 
together with an extrapolation of to 700°C. This 
extrapolation was justified on the basis that behaves in 
a smooth monotonie manner throughout the temperature range 
of measurement. And, the Cdata above 440*C were 
evaluated from the relation 
C,2 = 2(CL-C„)-C„ (10) 
Therefore, values of the three independent constants 
Cj2 and were made available over the temperature range 
20-700°C. Tables 9, 10, 11, and 12 in the Appendix give the 
values of elastic constants every 100°C for YSZ crystals, 
respectively containing 11.1, 12.1, 15.5, and 17.9 m/o YgOg. 
It may be noted that the temperature dependencies of 
^11» ^12 ^'•1+ maintain the same compositional 
dependencies discussed previously. In Fig. 16, it is 
obvious that C of the 11.1 m/o drops sufficiently 
rapidly with increasing temperature and it crosses C of the 
12.1 m/o alloy at ~320°C and continuing to decrease with 
increasing temperature. Although C of the 11.1 and 12.1 
crystals cross, they do not change the compositional 
dependence of shear anisotropy. 
Shear anisotropy is reflected in the general elastic 
behavior of the crystal and is defined as 
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A 
G 11-^12 c* ( 1 1 )  
The YSZ crystals possess a high degree of shear anisotropy 
(A=2.02-2.51) at room temperature. Shear anisotropy 
decreases linearly with increasing YgOg concentration but 
increases with increasing temperature, as shown in Fig. 18. 
The room temperature values of shear anisotropy agree within 
up to 9% with the result of Chistyi et al. [5] and 
Aleksandrov et al. [19-21]. 
Extrapolation of the linear compositional dependence of 
shear anisotropy at room temperature indicates that YSZ 
crystals would be elastically isotropic, i.e., A=1, at ~32 
m/o YgOg composition. Surprisingly, this composition 
corresponds to the ordered phase ZrgYgO? with a pyrochlore 
structure reported by Ri-Kang et al. [15] at 33.33 m/o YgOg 
which was proven not to exist [12, 14, 16, 17]. 
Longitudinal anisotropy is reflected in the tensile 
stiffness in a cubic crystal through the relation [43] 
where is a longitudinal constant associated 
with the direction specified by the direction cosines («i 
and aj) between the measurement direction and the three 
C 
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crystallographic axes. It is found experimentally that the 
value of C ^1 is the maximum value for any longitudinal 
constant. This is consistent with Equation (12) because the 
term, Cii-C 11-20^4, is positive. Thus, 
3 
since .%.=0 along axial directions and increases above zero 
^ > J 
for all other directions. Table 6 gives the longitudinal 
constants measured along [100] and [110] directions and 
calculated along [111] for the YSZ crystals at room tempera­
ture. 
The compositional dependencies of the longitudinal 
constants along [100], [110], and [111] for the crystals at 
room temperature are linear when the constants are plotted 
on a log scale, as shown in Fig. 19. Increasing YgOg con­
centration was found to decrease the longitudinal constant 
along [100] while increasing the constants along [110] and 
[111]. Extrapolation of the linear correlations shows a 
crossing near 40 m/o YgO^, indicating a longitudinal 
isotropy where a number of investigations [12, 14, 16, 17] 
have established the presence of an ordered phase Zr^Y^O^g 
with a rhombohedral symmetry. The c-axis of the rhombohe-
dral phase is the [111] cube diagonal of the fluorite phase 
[44]. Further, the rhombohedral structure of Zr^Y^O^g can 
be described in a hexagonal representation which requires 
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Table 6. Variations of longitudinal and shear constants 
along different directions in YSZ crystals at room 
temperature 
Log (Elastic Constant, GPa) 
Y2O3 Longitudinal Shear 
m/o [100] [110] [111] [100]a [11 or 
8.1 2.608 2.482 2.435 1.746 2.184 
11.1 2.606 2.495 2.451 1.778 2.178 
12.1 2.608 2.500 2.459 1.791 2.174 
15.5 2.599 2.503 2.466 1 .818 2.159 
17.9 2.591 2.504 2.471 1 .839 2.144 
^Propagation in [100] and polarization in [010]. 
^Propagation in [110] and polarization in [ifO]. 
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Figure 19. Variations of longitudinal and shear constants along different direc­
tions in YSZ crystals at room temperature. The 8.1 ra/o YgOg values are 
shown in solid symbols for the same reason as before 
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cylinderical elastic symmetry L45]. Thus, if the structural 
change from cubic YSZ to rhombohedral ZrgY^O^g with 
increasing YgOg content can be viewed as a pseudo continuous 
ordering of Y and Zr ions, then the equality of and Cl 
is required at stoichiometry, but it is not evident that 
such a requirement also applies to the longitudinal constant 
along [111]. The equality of and Cl near 40 m/o YgOg 
requires the two shear constants and C to be equal at 
the same composition. Extrapolation of the linear composi­
tional dependencies of log and log C confirms the shear 
isotropy expected near 40 m/o YgUg, Fig. 19. 
The Cauchy condition [IB] for a cubic crystal is 
Ci2 = (13) 
The deviation from this condition, which is evident in Tabic 
7, is not uncommon in fluorite crystals where the anion 
sites lack inversion symmetry. In general, the Cauchy con­
dition of the crystals does not change much with either 
temperature or composition. What little temperature depend­
ence exists, causes C to approach C^^ so that there is a 
minor reduction of some central force interactions with 
increasing temperature. 
Thermal expansion affects the values of the elastic 
constants. Correction of the constants for thermal expan­
sion was made for cubic crystals using the relation 
C(T) = C(1-aT), (14) 
Table 7. Variation of Cauchy relation with temperature for YSZ crystals 
YgOg Cauchy relation (Ci2-C^^), GPa 
m/o 20°C 100°C 200°C 300°C 400°C 500°C 600°C 700°C 
11.1 42.5 42.8 43.4 44.0 43.1 39.2 39.1 39.1 
12.1 43.5 43.9 44.9 45.1 44.2 38.9 33.9 31 .3 
15.5 42.8 43.3 43.9 44.5 45.2 44.6 43.2 44.0 
17.9 41 .7 41 .9 42.3 42.5 42.3 39.5 39.5 38.1 
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where a is the linear coefficient of thermal expansion. An 
average expansion coefficient for the crystals was taken 
from available data [46-48] and assumed to be composition 
independent in the temperature range 20-700°C with uncer­
tainty of ±(10"^)ï/°C. ITie coefficient is expressed as 
o(T) = (8+0.003T)10-6/°C (15) 
The elastic constants corrected for thermal expansion are 
given, together with those uncorrected, for different YSZ 
crystals in Tables 9, 10, 11, and 12 in the Appendix. 
Internal consistency was checked for all crystals by 
comparing values measured directly from mode 4 (see 
Table 1) with those obtained from a combination of data from 
modes 1, 2, and 3 in the form 
Cll = î (Gu+Ci2+2C,,) + j (Cii-C,2) - C„ (16) 
Agreement to better than 0.5% was found at all temperatures. 
Table 8 shows the results at room temperature and some addi­
tional measurements. 
Prediction of polycrystalline elastic behavior can be 
made from the single-crystalline elastic constants using the 
Voigt-Reuss-tiill averaging procedures 149]. Young's, bulk 
and shear moduli and Poisson's ratio were calculated and the 
results are given at different temperatures in steps of 
Table 8. Internal consistency of redundant evaluation at room temperature 
Constant Method of 
Evaluation 
Constant (GPa) 
ra/o Y 2^3 
of different 
crystals 
1 1 . 1  12 .1  15.5 17.9 
Cl (a) Directly from mode 1 
(b) Directly from mode 5 
313.0 
312.8 
316.4 
316.5 
319.5 
318.9 
319.3 
319.3 
C (a) Directly from mode 2 
(b) Directly from mode 6 
150.4 
150.4 
149.5 
149.5 
144.5 
144.1 
138.9 
139.1 
C 44 (a) Directly from mode 3 (b) Directly from mode 7 
(c) From modes (1+2-4) 
60.0 
59.9 
60.5 
61 .6 
61.9 
6 2 . 0  
65.9 
65.9 
6 6 . 0  
69.1 
69.3 
69.0 
11 (a) Directly from mode 4 (b) From modes (1+2-3) 
403.2 
403.4 
404.9 
405.1 
397.9 
398.1 
389.2 
389.2 
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100°C in Tables 13, 14, 15, and lb in the Appendix for the 
respective polycrystalline aggregates of YSZ of 11.1, 12.1, 
15.5, and 17.9 m/o Y2O3. 
Room temperature values of Young's, bulk and shear 
moduli are plotted against composition as Y/Zr atom ratio in 
Fig. 20. All three moduli show a general increase with 
yttria content except the bulk modulus, which decreases 
above 12.1 m/o YgOg. The values of the three moduli and the 
degree of their compositional dependencies decrease in a 
decreasing order of Young's, bulk and shear moduli. Each of 
the compositional behaviors of these moduli is viewed as an 
average effect of the compositional dependencies of the 
single-crystalline elastic constants involved in each 
modulus. 
Elasticity data for polycrystalline YSZ are sparse. 
The only published data are those of Buckley and Braski [50] 
who indicated that Young's modulus of YSZ containing 3.5-8.8 
m/o YgOg decreases with increasing temperature but increases 
with Y2O3 concentration. Our data are in qualitative agree­
ment, showing a higher value of the elastic modulus of the 
8.1 m/o YgOg alloy (223 GPa) at room temperature compared to 
Buckley's modulus of 8.8 m/o YgO^ specimen (165 GPa). 
Comparison was also made with yttria-stabilized hafnia 
(YSH) at different temperatures. ZrOg and HfOg are very 
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Figure 20. Variations of polycrystailine moduli with 
composition of YSZ crystals at different temper­
atures. The 8.1 m/o YgOg values are shown in 
solid symbols for the same reason as before 
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similar oxides characterized by high melting temperatures, 
high chemical stability, and the same yttria-stabilized 
structure [51]. Fig. 21 shows a comparison of the tempera­
ture dependence of the relative Young's modulus of 17.9b m/o 
YSZ with that of 20 m/o YSH measured by Dole et al. [52] 
with a sonic resonance technique. The relative modulus ws 
chosen because it indicates the relative loss in strength 
with temperature. The relative modulus is defined at a 
specific temperature as the ratio of the modulus at that 
temperature to the modulus at room temperature. In compar­
ison with YSH, the present YSZ shows higher values of the 
elastic modulus at all temperatures with better retention of 
strength. 
Above room temperature, the elastic moduli of YSZ 
decrease almost linearly with increasing temperature, which 
is indicative of good high temperature refractory oxides. 
Poisson's ratio of YSZ is almost constant (0.30-0.32) at all 
temperatures and compositions. 
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Figure 21. Comparison of the temperature dependence of the 
relative Young's modulus of the 17.9 m/o YSZ ana 
20 lu/o YSH. The relative modulus is defined as 
the ratio of the modulus at a specific tempera­
ture to the modulus at room temperature 
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4. SUMMARY 
The three independent elastic constants of the 
cubic YSZ crystals show highest values for intermediate 
for C^2» ai:id smallest values for at all temperatures and 
compositions studied in the present investigation. 
The compositional dependencies of the independent 
constants at room temperature show a decrease in C ^ ^  but 
increase in both C and upon increasing YgOg content. 
This behavior is explained in terms of the interactomic 
force interactions between ions. The most important contri­
butions to elastic constants are the Coulomb forces and the 
Born-Mayer repulsive overlap forces of the first nearest 
neighbors. The slope of the compositional dependence curves 
of the constants is primarily determined by the Coulombic 
contribution, which is a much stronger function of composi­
tion than the contribution from the short-range repulsive 
forces. 
The high Uebye temperatures of the YSZ crystals are 
characteristic of the strong interatomic interactions. 
Debye temperatures were noted to increase with increasing 
YgOg concentration, and a linear relationship exists between 
these characteristic temperatures and the square root of the 
inverse masses per formula. This observation is consistent 
with lattice dynamics principles. Debye temperature is 
proportional to a characteristic cut-off frequency at suffi­
ciently low temperature. In a harmonic approximation and 
with neglect of any change in force constants, the cut-off 
frequency should be inversely proportional to the square 
root of the vibrating masses. 
The temperature dependencies of the elastic constants 
show a regular decrease with increasing temperature due to 
the combined effects of thermal expansion and anharmonicity. 
An exception was observed for the 8.1 m/o YgOg crystal which 
shows a nonreproducible anomalous temperature dependence. 
This observation is not understood. 
Shear anisotropy in YSZ is pronounced and it decreases 
linearly with increasing content but increases with 
temperature. Longitudinal and shear constants'along differ­
ent crystallographic directions indicate, upon extrapola­
tion, elastic isotropy of YSZ crystals at a composition near 
40 m/o YgOg where a number of investigations have estab­
lished the presence of an ordered phase (Zr^Y^Oig) with a 
rhombohedral symmetry. 
Polycrystalline moduli (Young's, bulk and shear) of YSZ 
calculated from single-crystalline elastic constants, show a 
general increase with increasing YgO^ content, except for 
the bulk modulus which decreases above 12.1 m/o YgG^. The 
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temperature dependencies of each modulus is almost linear, 
which is indicative of good high temperature refractory 
oxides. Poisson's ratio of the crystals is almost 
independent of both temperature and composition. 
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6. APPENDIX 
Table 9. Variation of single-crystal elastic constants with temperature of 11.1 m/o 
YSZ before and after thermal expansion correction 
Elastic constant (GPa) 
Uncorrected Corrected 
T 
(°C) Cii Cl2 G44 CL 
C Cii C12 C41+ CL C 
20 403.5 102.4 59.9 313.0 150.7 403.4 102.3 59.9 313.0 150.7 
100 400.5 101.9 59.1 310.2 149.3 400.2 101.8 59.0 310.0 149.2 
200 396.2 101.2 57.8 306.2 147.3 395.6 101 .0 57.7 305.7 147.0 
300 390.8 100.1 56.1 301.1 144.9 389.8 99.8 56.0 300.3 144.5 
400 383.4 97.4 54.3 293.6 141 .8 382.0 97.1 54.1 292.5 141.3 
500 374.9 91.6 52.4 285.7 141.6 373.1 91.2 52.2 284.3 140.9 
600 366.8 89.5 50.4 278.5 138.7 364.7 88.9 50.1 276.9 137.9 
700 359.1 87.4 48.3 271.6 135.8 356.6 86.8 48.0 269.7 134.9 
Table 10. Variation of single-crystal elastic constants with temperature of 12.1 
m/o YSZ before and after thermal expansion correction 
Elastic constant (GPa) 
Uncorrected Corrected 
T 
(°C) Cii Ci2 C44 CL 
C Cii Cl2 C44 CL C 
20 405.1 105.3 61 .8 316.5 149.4 405.1 105.2 61 .8 316.4 149.4 
100 401 .9 104.9 61.0 314.1 148.2 401.6 104.8 60.9 313.9 148.1 
200 397.3 104.5 59.6 305.9 146.6 396.6 104.3 59.5 310.1 146.3 
300 392.3 103.2 58.1 305.9 144.6 391.2 102.9 57.9 305.1 144.3 
400 386.5 100.8 56.6 299.7 142.3 385.1 100.4 56.4 298.6 141.8 
500 380.7 93.9 55.0 292.3 143.4 378.9 93.4 54.8 290.9 142.7 
600 374.3 87.4 53.5 284.3 143.4 372.1 86.9 53.2 282.6 142.6 
700 367.4 83.2 51.9 277.2 142.1 364.8 82.6 51.5 275.2 141.1 
Table 11. Variation of single-crystal elastic constants with temperature of 15.5 
m/o YSZ before and after thermal expansion correction 
Elastic constant (GPa) 
Uncorrected Corrected 
T 
CC) 
Cll C 12 C44 CL C Cii C 12 C44 CL C 
20 397.6 108.6 65.8 318.6 144.1 397.5 108.6 65.8 318.5 144.1 
100 394.9 108.3 65.0 316.3 143.0 394.5 108.2 64.9 316.1 142.9 
200 390.4 107.5 63.6 312.6 141.5 389.8 107.3 63.5 312.1 141.2 
300 3*5.W 106.6 62.1 308.4 139.7 384.7 106.4 61.9 307.6 139.4 
400 380.9 105.3 60.1 303.3 137.8 379.5 105.0 59.9 302.2 137.3 
500 375.4 102.6 58.0 297.0 136.4 373.6 102.1 57.7 295.6 135.7 
600 369.0 98.8 55.6 289.5 135.1 366.8 98.2 55.3 287.8 134.3 
700 362.8 97.0 53.0 282.9 132.9 360.2 96.3 52.6 280.9 132.0 
Table 12. Variation of single-crystal elastic constants with temperature of 17.9 
m/o YSZ before and atter thermal expansion correction 
Elastic constant (GPa) 
Uncorrected Corrected 
T 
(°C) ^11 Cl2 G44 CL 
C Cii C12 C44 CL C 
20 390.4 110.8 69.1 319.2 139.4 390.4 110.7 69.0 319.1 139.4 
100 387.4 110.0 68.1 316.5 138.4 387.0 109.9 68.1 316.3 138.2 
200 383.5 109.1 66.8 312.8 136.8 382.8 108.9 66.7 312.2 136.6 
300 379.1 107.8 65.3 308.2 135.1 378.1 107.5 65.2 307.4 134.8 
400 374.7 105.9 63.6 302.8 133.4 373.4 105.6 63.3 301.7 132.9 
500 370.0 101.0 61.5 297.0 134.5 368.2 100.5 61.2 295.6 133.8 
600 363.5 98.6 59.1 290.2 132.4 361.4 98.1 58.8 288.5 131 .7 
700 356.3 94.7 56.6 282.0 130.8 353.8 94.0 56.2 280.0 129.9 
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Table 13. Polycrystalline elastic moduli of 11.1 m/o YSZ at 
different temperatures 
T Modulus (GPa) Poisson's 
(*C) Young's Bulk, Shear Ratio 
20 229.4 202.7 87.6 .31 
100 226.8 201.4 86.5 .31 
200 223.1 199.5 85.0 .31 
300 218.3 197.0 83.1 .32 
400 212.9 192.8 81 .0 .32 
500 207.5 186.1 79.1 .31 
600 201 .4 181.9 76.7 .32 
700 195.2 178.0 74.2 .32 
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Table 14. Polycrystalline elastic moduli of 12.1 m / o  YSZ at 
different temperatures 
T Modulus (GPa) Poisson's 
(®C) Young's Bulk Shear Ratio 
20 232.8 205.2 88.9 .31 
100 230.3 203.9 87.9 .31 
200 226.3 202.1 86.2 .31 
300 221.9 199.5 84.5 .31 
400 217.7 196.0 82.9 .31 
500 214.1 189.5 81.7 .31 
600 210.2 183.0 80.4 .31 
700 205.6 177.9 78.8 .31 
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Table 15. Polycrystalline elastic moduli of 15.5 m/o YSZ at 
different temperatures 
T Modulus (GPa) Poisson's 
(°C) Young's Bulk Shear Ratio 
20 237.0 204.9 90.7 .31 
100 234.5 203.8 89.7 .31 
200 230.8 201.8 88.2 .31 
300 226.4 199.7 86.4 .31 
400 221 .5 197.2 84.4 .31 
500 216.2 193.5 82.3 .31 
600 210.2 188.9 80.1 .31 
700 203.6 185.6 77.4 .32 
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Table 16. Polycrystalline elastic moduli of 17.9 m/o YSZ at 
different temperatures 
T Modulus (GPa) Poisson's 
("C) Young's Bulk Shear Ratio 
20 239.8 204.0 92.0 .30 
100 237.2 202.5 90.9 .30 
200 233.7 200.6 89.5 .31 
300 229.8 198.2 88.0 .31 
400 225.4 195.5 86.2 .31 
500 221.0 190.7 84.6 .31 
600 214.9 186.9 82.2 .31 
700 208.5 181.9 79.7 .31 
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